Abstract. Under simplifying conditions catchment-scale vapor pressure at the drying land surface can be calculated as a function of its watershed-representative temperature (<T s >) by the wet-surface equation (WSE, similar to the wet-bulb equation in meteorology for calculating the dry-bulb thermometer vapor pressure) of the Complementary Relationship of evaporation. The corresponding watershed ET rate, <ET>, is obtained from the Bowen ratio with the help of air temperature, humidity and percent possible sunshine data. The resulting (<T s >,<ET>) pair together with the wet-environment surface temperature (<T ws >) and ET rate (ET w ), obtained by the Priestley-Taylor equation, define a linear transformation on a monthly basis by which spatially distributed ET rates can be estimated as a sole function of MODIS daytime land surface temperature, T s , values within the watershed. The linear transformation preserves the mean which is highly desirable. <T ws >, in the lack of significant open water surfaces within the study watershed (Elkhorn, Nebraska), was obtained as the mean of the smallest MODIS T s values each month. The resulting period-averaged (2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007) catchment-scale ET rate of 624 mm/yr is very close to the water-balance derived ET rate of about 617 mm/yr. The latter is a somewhat uncertain value due to the effects of (a) observed groundwater depletion of about 1m over the study period caused by extensive irrigation, and; (b) the uncertain rate of net regional groundwater supply toward the watershed. The spatially distributed ET rates correspond well with soil/aquifer properties and the resulting land use type (i.e. rangeland versus center-pivot irrigated crops).
Introduction
Evapotranspiration plays a central role in hydrologic and ecological modeling since it is a very effective vehicle for mass and energy (due to the high latent heat of vaporization value of water) transfer between the land/vegetation surface and the ambient atmosphere, and thus the energy and mass-balances of the involved surface cannot be closed without. Recently there has been a rapid progress in the development of spatially distributed evapotranspiration (ET) estimation algorithms using remotely sensed data. For a review of the current approaches see Gowda et al. (2008) or Courault et al. (2005) . Common to all these approaches is the necessity to calibrate the varying number of parameters inherent in them. The same is true of all distributed hydrologic models, where often the relatively large number of parameters may lead to the well-documented phenomenon of over-parameterization leading to equifinality of the parameter values, meaning that a wide selection of parameter values result in almost identical model outputs. Consequently any new ET estimation algorithm that is able to reduce the number of parameters it requires or itself is calibration-free, such as our proposed method below, may prove to be useful in distributed watershed modeling and certainly worthy of further considerations in our opinion. Szilagyi and Jozsa (2009a) recently published an ET estimation method based on an analytical solution of the coupled 2-D turbulent heat and vapor transport equations written for a moisture discontinuity at the surface (Laikhtman, 1964; Yeh and Brutsaert, 1971) . Under a temporally constant energy term, Q n (from here on expressed in water-depth equivalent [LT −1 ]) available for sensible and latent heat fluxes at the surface as well as unchanging profiles of wind and turbulent diffusivity for both drying and a constantly wet homogeneous land surface, the analytical solutions for the temperature T s [K] and vapor pressure e s [ML −1 T −2 ] terms at the drying surface can be combined into what Szilagyi and Jozsa (2009a) termed as the wet-surface equation (WSE) e s − e ws = γ (T ws − T s )
after its identical form applied in meteorology to calculate the vapor pressure at the dry-bulb thermometer from measuring the wet-bulb temperature and which is called the wet-bulb equation. Here T ws and e ws are temperature and (saturated) vapor pressure at the wet surface, and γ [ML −1 T −2 K −1 ] the psychrometric constant. By knowing the temperature of the drying and the wet land surface the typically unknown value of the vapor pressure at the nonsaturated, drying surface can be obtained from Eq. 1. The method is based on the assumption that the land-air system is in a dynamic equilibrium, meaning that air humidity is influenced predominantly by the moisture condition of the land surface (under the given Q n and atmospheric profiles) and any external latent or sensible heat transfer to the area is negligible. Obviously this tenet is ever more true with the extent of the area growing, therefore the ET rate [LT −1 ] the method yields with a constant Q n as
from the definition of the Bowen ratio Bo [−], can be considered as a regional or watershed-representative value. For the summer-fall season (June-November) of the 2000-2006 period Szilagyi and Jozsa (2009a) compared the WSE-derived (i.e. Eqs. 1 and 2) monthly ET rates using 8-day composited Moderate Resolution Imaging Spectroradiometer (MODIS) daytime land surface temperature data averaged over the month with similar estimates of Morton's WREVAP program (1983 , 1985 for five rectangular regions across the US and obtained a very high correlation not only on a monthly but also on an annual basis (i.e. R 2 =0.95) between the ET estimates of the two methods. This however is not surprising because both approaches are based on the Complementary Relationship (CR) of evaporation (Bouchet, 1963) . The CR, as formulated by Brutsaert and Stricker (1979) in their Advection Aridity (AA) model, is based on the assumption that under minimal energy advection and a constant Q n term the increase in the sensible heat over the drying land is fully transferred into potential evapotranspiration (PET), the latter expressed by the Penman equation (1948) . Note that it is the same as saying that Q n is constant at both the drying and the constantly wet surface, since then the sensible heat transferred from the drying and hotter surface over the cooler wet patch must fully convert into latent heat in order to leave Q n intact there too. Thus the mean latent heat flux from the wet patch, having a fetch compatible with the Penman equation, will increase by the same magnitude as the sensible heat flux does over the drying and warming surface. For a more detailed discussion of this energy exchange, see Szilagyi and Jozsa (2009b) . Note that while the AA and WREVAP models require the specification of the potential ET rate and also a so-called reference evaporation rate, ET w , traditionally chosen to be defined by the Priestley-Taylor (1972) equation in order to obtain the actual drying environment ET as 2ET w -PET (Brutsaert and Stricker, 1979) , the WSE-based does not. Instead the latter requires the temperature at the drying and the wet surface. Both WREVAP and the WSE-based ET calculation approaches require air temperature and humidity as well as net radiation at the surface which can be practically taken as Q n for averaging time periods equal or longer than a day. Additionally, the AA model also needs wind measurements for its Penman equation.
Below our WSE-based ET estimation approach is extended to disaggregate the watershed-representative ET values into spatially distributed values over the roughly 1-km resolution MODIS data grid via a time-dependent linear transformation of the T s cell values.
Model description
The Complementary Relationship (CR) of evaporation requires a dynamic equilibrium to be attained between the surface moisture status and the ambient air so that air humidity is predominantly controlled by the soil moisture. Since any passing weather front can tip this balance, Morton (1983 Morton ( , 1985 suggested not to apply the CR for periods shorter than about a week, unless the climate is such that weather fronts are absent in certain seasons or the whole of the year. See the application of the CR under the latter conditions for subdaily periods with adjustments to the changing energy available at the surface by Parlange and Katul (1992) . We chose a monthly time-step for our calculations because (a) most watershed models employ the same time-step; (b) by averaging over a longer period assures that the alternating processes of drying and rewetting of the land occur in a larger number expected to yield an overall mean behavior of the land-atmosphere system according to Eq. 1 and (c) the possibility of a cloud-corrupted mean monthly cell value of T s is dramatically reduced if the cell value is averaged over the month in such a way that any suspicious value out of the 3-4 8-day composited MODIS daytime values within the month is left out from the averaging.
The WSE-based ET estimation model (Szilagyi and Jozsa, 2009a) employs the Bowen ratio in Eq. (2) to calculate the watershed representative ET value, <ET>, from the watershed-representative surface temperature, <T s > (i.e. the mean monthly T s cell values averaged over the watershed) and surface water vapor value <e s > (obtained from Eq. 1 evaluated by <T s >) plus the corresponding air temperature and water vapor value at a given elevation (typically 2 m) from the ground. Since ET predominantly takes place during the day, the Bowen ratio must be evaluated with daytime values. The daytime mean air temperature, T dt , can be calculated from the typically available daily mean value
where T max is the reported mean daily maximum temperature of the month, and k [−] is an adjustment factor, a function of latitude ( ) and season.
To determine k, first the length of the daytime (in radian) is calculated as twice the sunset angle, ω (radian, relative to noon). The latter is defined as ω=arc cos[−tan( )tan(δ)] with δ=0.4093 sin(2πJ /365-1.405) where J is the Julian date of the middle day of the month (e.g. Maidment, 1993) . Considering the daily temperature signal (T ) sinusoid with an amplitude of A (=T max −T d ) and peak around 3 p.m., it can be expressed as T =Asin(t−3π/4) with the time of the day, t, given in radian. The value of k then results as the mean of this signal (i.e. its integral divided by the integration interval) over the daytime period of (π−ω, π+ω) divided by A.
The daytime air vapor pressure, e dt , values for the Bowen ratio were obtained from the mean, RH dt [−], of the reported (typically at 6 a.m., noon, and 6 p.m.) daytime relative humidity values multiplied by the saturated vapor pressure at T dt . Note that (a) no such transformations were necessary for the surface values since they are daytime values already; (b) RH dt is typically very close to the daily mean relative humidity value, so in the lack of several measurements during the day, the latter, most frequently available average value can be employed.
By inserting the daytime values into Eq. (2) the monthly watershed representative ET rate becomes (Szilagyi and Jozsa, 2009a) 
Q n was calculated by Morton's (1985) WREVAP program requiring only percent possible sunshine as input (the program also accepts global incident radiation in lieu of sunshine data) additional to air temperature and humidity measurements. This FORTRAN source code is hard to get by, therefore we gladly share it upon request. The wet surface temperature, T ws , can be approximated by the MODIS temperature values over shallow open water surfaces with negligible mass/energy transfer in the form of inand outflow rates, as was done by Szilagyi and Jozsa (2009a) . However, this may not always be possible when e.g., the watershed in question or its proximity does not have lakes or wet meadows large enough to clearly show up in the roughly 1-km resolution MODIS image as a separate cell, as is the case with the present study catchment. Naturally, an open water body (mostly due to its albedo) would have a Q n term different from the rest of the watershed, but this effect may not be detrimental as the results of Szilagyi and Jozsa (2009a) indicate. In the lack of clearly identifiable open water surfaces in the MODIS images, the wet surface temperature can be estimated as the mean of the lowest T s values, <T ws >, within the study region since these values can be expected to correspond to the wettest condition in the area. Taking a mean of several values rather than picking the lowest T s value is recommended because some cloud effects may still be present even in the monthly averaged cell values. In our study catchment, the Elkhorn River in north-eastern Nebraska, USA, we set this number to be ∼100 out of the more than 15 thousand MODIS cells comprising the catchment.
Disaggregation of the watershed-representative monthly ET values into MODIS cell values were guided by the following consideration. As it was stated above, Eq. (1) is valid for extensive areas that provide for negligible energy advection therefore its application on a cell-by-cell basis is not attempted here. Rather, a linear transformation approach of ET vs. T s is sought for on the premise that the colder a MODIS cell the larger is the cooling effect of ET, thus ET itself. This requires that Q n is roughly constant among the cells (i.e. the albedo of the cells is not very different, and slope aspects are random within a cell). The linear transformation requires two points to be specified in the ET-T s plane, one of them is the (<T s >, <ET>) value pair. The other point is represented by <T ws > and the corresponding wet-environment ET rate, ET w , which is generally specified by the PriestleyTaylor equation (1972) as
where α [−] is the Priestley-Taylor parameter, the most typical value being 1.26 (employed here) within a frequently cited range of 1.2-1.3 (Brutsaert, 2005) , and [ML −1 T −2 K −1 ] is the slope of the saturated vapor pressure curve at the mean air temperature, T d . Thus the (<T s >, <ET>) and (<T ws >, ET w ) value pairs define the necessary linear transformation of the cell T s values into ET rates on a monthly basis. Note that the roughly 1-km spatial resolution of the MODIS data is large enough so that the wetenvironment ET should not be specified by the Penman equation which works well for small wet and open water surfaces only. At the same time the 1-km scale may not be sufficiently large so that the resulting ET from these wet cells could automatically be considered as the wet-environment ET rate. Therefore the true wet cell ET rates are expected to lie between the values specified by the Penman and PriestleyTaylor equation. However, when the Penman equation was used for our study watershed in place of the Priestley-Taylor equation, many T s cell values transformed into negative cell ET values in several months confirming that the Penman rate is indeed too high for the 1-km resolution. The same problem has not practically occurred with the Priestley-Taylor equation, indicating that the true wet-cell ET rate must indeed be close to this value. The linear transformation has the distinct advantage that it preserves the mean, thus ensuring that the spatial mean of the ET cell values is the same as <ET> as long as the number of negative cell ET values (and the necessary replacement of the negative values with zeros) is negligible. In the rare occurrence when the surface temperature value of a cell is smaller than <T ws >, we limited the corresponding ET rate to ET w , out of consideration that this ought to be the maximum achievable ET rate of the MODIS cell in the given month, thus the effect of any potential cloud contamination still present in the MODIS data on ET having been reduced.
Model application and results

Study watershed description
The above model was tested on the Elkhorn River watershed in north-eastern Nebraska (Fig. 1) . The Elkhorn catchment is a medium-sized watershed having an area of 18 100 km 2 .
The climate data the model requires is from Norfolk, just in the middle of the watershed (Fig. 1) at an elevation of 471 m. The only model input, percent possible sunshine, not available in Norfolk came from Sioux Falls, South Dakota, about 160 km north of Norfolk. Catchment climate is continental, with warm summers (July mean air temperature is about 23 • C) and cold winters (January mean air temperature is around −3 • C), with a long-term mean annual precipitation of about 650 mm out of which about 350 mm falls in the growing season (NDNR, 2006) . The wettest month is June, with about 110 mm of precipitation, and the driest is January with less than 15 mm. Mean relative humidity is typically in the range of 65-75%, accompanied with average sustained winds of about 3-4 ms −1 at 2 m. Percent possible sunshine in the summer is typically about 70%. The watershed, being situated in the Great Plains has minor relief changes, most of it occurring in the western, Sand Hills portion of it (Fig. 2) . While this part is made up of eolian sand, the rest of the watershed sits predominantly on glacial till deposits. Depth to the groundwater varies widely over the watershed from several meters to more than 70 m and so does the saturated thickness, from 0 to almost 300 m (NDNR, 2006) . The specific yield of the water-bearing unconfined aquifer is within the range of 5 to 20% (NDNR, 2006) .
The dominant land-cover is range-land grass in the Sand Hills portion of the watershed, while the rest of the catchment is predominantly irrigated crop, mostly corn and soybean (Dappen et al., 2007) . About 4500 km 2 (25% of the drainage area) is irrigated within the watershed from around 8400 registered wells (NDNR, 2006) , out of which, circa 4700 are center pivots (CSD, 1996) . Figure 3 displays the distribution of the center pivot irrigation systems.
Results by the WSE-based method
The MODIS data available online start with the year of 2000, therefore the modeling period was chosen as [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] since not all required data were accessible for 2008. Monthly ET was modeled from March to November each year, because (a) from December till February ET is negligible due to the cold temperatures, and; (b) the possibly patchy snow cover (due to the snow cover's vastly different albedo from that of the land) in the winter may grossly violate the spatially constant Q n requirement of the model. Figure 4 displays the watershed-representative and wet-environment daytime surface temperatures by month. The mean difference between the two types of surface temperatures is about 5 • C, somewhat larger in the summer months, and smaller in the winter. The wet-environment surface temperature is typically several degrees larger than the corresponding daytime air temperature measured at 2 m. Figure 5 shows the watershed-representative monthly ET rates together with the wet-environment values. Note that the two ET rates were derived with different approaches, the actual ET rates with the present WSE-based method, while the wet-environment rates directly with the Priestley-Taylor equation, never employed in the WSE-based method so far, yet, it never happens that actual ET would be larger than the wet-environment ET rate estimated by the Priestley-Taylor equation, even when they are very close together in the colder months. Estimated actual ET rates are small in the cold months (less than 30 mm), while they typically reach 130 mm in the warmest months, the largest ET rate being 170 mm in July, 2007, the wettest year (PRISM, 2009) within the study period, having 926 mm of precipitation (Fig. 8) .
The present WSE-based ET estimation approach yields very similar results to the two other CR-based approaches (Fig. 6) , its cold month ET values typically intermediate of the other two, the AA yielding an excessive number of months with zero ET rates, as was already reported by Szilagyi and Jozsa (2008) . Figure 7 compares the different watershed-scale ET estimates on an annual basis. The Morton and AA models behaved very similarly at this temporal scale as well, the former yielding a period-averaged mean annual ET rate of 617 mm, while the latter 605 mm, with a correlation coefficient of 0.98 between the two annual values. Through a simplified water balance, annual watershed ET can be estimated as the difference between precipitation and runoff (Fig. 7) , resulting in a period-averaged mean of 599 mm. The Elkhorn River at Waterloo, Nebraska has a period-averaged annual flow rate of 75 mm which is well within the range of the inter-annual variability of precipitation (Fig. 7) , therefore the simplified water-balance ET is highly correlated (0.99) with precipitation.
At first sight the period-averaged ET rate of 624 mm by the present WSE-based model seems to be an overestimation when compared to the 599 mm obtained from a simplified water balance. However, so far the effect of the extensive irrigation practice that takes place within the watershed, and results in 25% of the drainage area being irrigated, has not been discussed. While it is true that irrigation should not affect the period-averaged value of ET obtained by the simplified water balance purely because whatever is irrigated and thus evaporated from the watershed would show up as depletion in the runoff values, this argument holds as long as the overall water storage of the watershed is left intact over the same period. This is clearly not the case for the study watershed. The Elkhorn catchment has suffered an overall 1-1.2 m drop in groundwater levels between 2000 (CSD, 2007 . Calculating with a mean specific yield of 13%, this groundwater decline translates into 130-156 mm of additional ET over the study period, which means an extra 16-20 mm annually. Thus the water-balance derived mean annual ET rate becomes about 617 mm, which is only 1% less than what the WSE-based method predicts. From the 8 years of the study period, 2002 was the driest (PRISM, 2009) with only 506 mm of rain Fig. 8 , and according to Fig. 7 , this had to be the year when the largest drop in groundwater depletion due to irrigation must have occurred because simulated ET levels are 100-140 mm over the precipitation rate that year. After 2002, simulated ET levels were always smaller than precipitation.
Due to a characteristic regional west-to-east head-gradient within the unconfined groundwater across Nebraska, net groundwater inflow to the watershed is probably not zero, meaning that more water flows in across the western border of the catchment than what leaves across the eastern side, regional head gradients being somewhat gentler here. This ad- ditional source of water for ET is hard to quantify, but most probably further increases (however certainly not significantly) the water-balance derived ET value of 617 mm yr −1 .
Spatially distributed surface temperature-ET transformation results
There remains discussing the cell-based transformation of the surface temperature values into ET rates. observed over the non-irrigated Sand Hills region. The ET contrast between the two years there is the largest in July and August, simply because by that time the grass in the Sand Hills depleted the available soil moisture due to the failing rains in 2002. Figure 13 displays the obtained linear transformations by months. The lower right end of each line segment corresponds to the (<T s >, <ET>) value pair, while the upper left to the (<T ws >, ET w ) pairs. Of course, during the cell-by-cell transformations the straight lines are extended to the right to reach the highest daytime land surface cell temperature observed in the month and produce the lowest ET rate in that cell within the catchment that month. 
Summary
A new monthly, cell-based linear transformation of the MODIS daytime land surface temperatures into ET rates is proposed in this study. The anchor points of the monthly linear transformations are the wet-environment and the spatially averaged land surface temperatures with the corresponding wet-environment ET, given by Priestley-Taylor equation, and the spatially representative actual ET rate. The linear transformation conserves the mean, i.e., the arithmetic mean of the cell ET values is the same as the spatially-representative ET rate. The obtained linear equations are then employed over the full range of the observed daytime land surface cell temperatures within the study area. The wet-environment daytime surface temperature can be obtained by the MODIS values over shallow open water bodies (or wet meadows) with negligible lateral mass/energy transfer in the form of in-and outflows, as was demonstrated by Szilagyi and Jozsa (2009a) , or in the lack of them, as in this study, by the mean of a statistically significant number of cells having the lowest temperatures within the study area in the given month. This latter approach assumes the existence of wet cells each month, which may not be generally true in more arid areas where the first approach is recommended.
The spatially representative ET rate is obtainable by the simultaneous application of the Bowen ratio and the analytical solution, called wet-surface equation (Szilagyi and Jozsa, 2009a) , of the coupled 2-D turbulent heat and moisture transport equations under restrictive conditions, namely, minimal advection, constant net energy at the surface, as well as unchanging atmospheric conditions over the applied time-step, all these the requirements of the existing ComplementaryRelationship-based ET estimation methods, such as the Advection Aridity model of Brutsaert and Stricker (1979) or Morton's (1985) WREVAP program.
The proposed method does not have any parameters to calibrate. However, in future applications it may be necessary to adjust the value of the Priestley-Taylor parameter in the wetenvironment ET equation. Here the most widely accepted value of 1.26 was used for the current ET estimation algorithm. Also, the required number of statistically significant wet cells (in the lack of extensive shallow water bodies or wet meadows) may vary from study to study, based mostly on how many of the cells are actually wet. In this study we specified this number a constant, i.e. 0.6% of the total number of cells within the study watershed, resulting in about 100 (94 to be exact) cells. In more humid watersheds this number may be higher, while in more arid ones lower. The overall ET estimates in our case are only slightly sensitive to the exact value of this number within the 0.1%-1.1% range (Table 1) . For additional sensitivity analysis of the variables in Eq. 1, see Szilagyi and Jozsa (2009a) . A convenient way of checking the correctness of the model is making sure that (a) the spatially-or watershedrepresentative ET rate is always smaller than the corresponding wet-environment ET value; (b) the number of cells with negative estimated ET rates is minimal.
The present model has been applied over the Elkhorn watershed in north-eastern Nebraska, and at the watershed-scale produced very similar results to other Complementary Relationship based models. Over the 2000-2007 study period the present model yielded a period-averaged mean annual ET rate (624 mm) only 1% more than the water-balance calculated value of 617 mm. With the help of the spatially distributed ET estimates it was possible to detect the vastly differing moisture dynamics of the grass-covered range-lands of the Sand Hills in the western part of the Elkhorn watershed from that of the rest of the catchment covered by intensively irrigated corn and soybean fields.
The present method is expected to work best on a time-step larger than a week therefore the 8-day composited MODIS images are almost ideally suited for the present method. Its input data requirement is very modest, beside the daytime land surface temperatures, only daily mean and maximum air temperature, humidity and percent possible sunshine (or incident global radiation) are needed. The model currently employs Morton's algorithm (1985) for the net surface radiation value in the Priestley-Taylor equation. The method should not be used near sudden discontinuities in land-surface properties (Morton, 1983 (Morton, , 1985 such as the sea-land interface because there the minimal advection requirement of the Complementary Relationship is seriously violated since in such areas the land and air moisture dynamics are mostly decoupled (Szilagyi and Jozsa, 2008) .
